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Star formation towards the Scutum tangent region and the effects of 
Galactic environment 
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ABSTRACT 

By positional matching to the catalogue of Galactic Ring Survey molecular clouds, we 
have derived distances to 793 Bolocam Galactic Plane Survey (BGPS) sources out of a pos- 
sible 806 located within the region defined by Galactic longitudes Z = 28.5° to 31.5° and lati- 
tudes \b\ ^ 1°. This section of the Galactic Plane contains several major features of Galactic 
structure at different distances, mainly mid-arm sections of the Perseus and Sagittarius spiral 
arms and the tangent of the Scutum-Centarus arm, which is coincident with the end of the 
Galactic Long Bar By utilising the catalogued cloud distances plus new kinematic distance 
determinations, we are able to separate the dense BGPS clumps into these three main line-of- 
sight components to look for variations in star-formation properties that might be related to 
the different Galactic environments. We find no evidence of any difference in either the clump 
mass function or the average clump formation efficiency (CFE) between these components 
that might be attributed to environmental effects on scales comparable to Galactic-structure 
features. 

Despite having a very high star-formation rate, and containing at least one cloud with 
a very high CFE, the star formation associated with the Scutum-Centarus tangent does not 
appear to be in any way abnormal or different to that in the other two spiral-arm sections. 
Large variations in the CFE are found on the scale of individual clouds, however, which may 
be due to local triggering agents as opposed to the large-scale Galactic structure. 



Key words: Stars: formation - 
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1 INTRODUCTION 

Observations have shown that the star-formation efficiency 

(SFE) on large scal es is generally low (~ 1 per cent; 

iDuerr. Imhoff. & Ladal Il982r) in the Galaxy and other normal 
galaxies. H owever, in starburst galaxies the S FE can increase by 
~ 50 times JSanders. Scoville. & SoifenI 19911) . Triggering mecha- 
nisms are thought to be the cause of increases in the S FE on smaller 
scale s in some Galactic star-forming regions (W3: iMoore et alj 
l2007h . Such changes may depend on the t urbule nt Mach num- 
ber within the cloud JKrumholz & McKed 1 20051 ) . local trigger- 
ing and feedback mechanisms, such as expanding HII regions 
JDeharveng. Zavagno, & Caplanll2005r) , or proximity to features of 
the large-scale structure of the Galaxy. 

Star formation is observed to be associated with spiral 
arms and other features of Grand Design structures in our 
Galaxy and other spiral galaxies. It is possible that the spiral 
arms are assembling the star-forming regions so that feedback 
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and triggering mechanism s become more important within them 
JSleath & Alexandenll996l) . However, molecular cloud formation 
theories postulate th at the spiral density wav es are responsible for 
forming the clouds JDobbs & Bonnellll2007n. Observations of the 
outer-part of the Perseus spiral arm by iHever & TerebevI (119981) 
have shown that the fraction of interstellar gas in molecular form is 
much higher within the spiral arm than the inter-arm region. This 
supports the theory that the atomic gas is compressed upon en- 
tering the spiral shock, allowing molecular gas to condense and 
suggests that the spiral arms are triggering additional star forma- 
tion through the formation of new clouds. A more recent study by 
iRoman-Duval et alj ( l201(]r) . using the Galactic Ring Survey (GRS), 
found similar results, implying that the clouds in the inter-arm re- 
gions dissipate quickly and that the spiral arms are indeed respon- 
sible for forming the clouds. 

The spiral structure of the Milky Way is not known exactly. 
The consensus, from the mapping of the distances to observed H H 
regio ns, is t hat the structure can be repr esented by a four-arm model 
(e.g.. lRusseil 2003 : Paladini. Davies. & De Zotti 2004) but the dis- 
tribution of these four arms is not agreed upon. The four main arms 
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- Norma, Sagittarius, Perseus and Scutum-Centaurus - are added 
to by the Near and Far S-kpc arms. The Milky Way also has a 
central bar which can be split into a 3.1 - 3.5 kpc Galactic Bar 
at an angle of 20° with respect to the Galactic Centre-Su n axis 



JBinnev et ^liggilliiiFz & Sperge]|[l99lllDwek et alj|l995l) and a 
non^xi symmetric structure, the 'Long Bar' ( IHammerslev et alj 
I2000I) . at an angle of 44° ± 10° with a Galactic radius of 4.4 ± 0.5 
kpc, as revealed by sta r counts from the Spitzer GLIMPSE survey 
JBeniamin et al J 1 20051) . A sketch o f the structure of the Galaxy is 
shown in the right panel of Fig. 9 of lUrguhart et al.l ( l2011B . It shows 
an image produced by Robert Hurt of the Spitzer Science Centre 
in consultation with Robert Benjamin (University of Wisconsin- 
Whitewater). 

The region covered by this study is the slice of the Galactic 
Plane / = (28.5° - 31.5°), \b\ ^ 1°, which will hereafter be re- 
ferred to as the / = 30° region. The / = 30° region contains the tan- 
gent of the Scutum-Centaurus arm and the near-end of the Long 
Bar, as well as mid-arm regions of the Sagittarius and Perseus 
arms in the background. T he distribution of both molecular gas 
JRoman-Duval et alj 120091) and Herschel infrar ed Galactic Plane 
Survey (Hi-GAL) sources dRusseil et al.l 1201 lb from determined 
distances provide evidence for the separation of these structures. 
The presence of these large-scale stmcture features makes I = 30° a 
perfect region to test the effect of Galactic structure on the star- 
formation process, in particular the stellar initial mass function 
(IMF) and SFE. 

The / = 30° region is home to the W43 giant molecular com- 
plex. Galactic Plane surveys in all wavelengths show W43 to be 
one of the largest and brightest star-forming structures found in the 
Galaxy. It houses a giant H II region, which is particular luminous, 
emitting 10''^ Lyman co ntinuum photons s^^ with a far-IR lumi- 
nosity of 3.6 X 10® L0 JBallv et al.ll20ld) . The ionising source of 
this H II regio n is a cluster of Wolf-Rayet (W -R) and OB main- 
sequence stars JBlum. Damineli. & Contjl 19991) at / ~ 30.75°, b ~ 
-0.06°. 

The W43 giant molecular complex is considered to be a mini- 
starburst region. The infrared luminosity and number of Lyman 
continuum photons are number s represent ative of those found in 
starburst galaxies such as M82 (jYao 2009). W43 is also undergo- 
ing an intense episode of high-mass star formation, ~ 15 high-mass 
pr otoclusters with a star formati on rate (SFR) of ~ 25 per cent I \(f 
vr JMotte. Schilke, & Lisll2003h . 

We aim to measure the dense clump analogues (or precur- 
sors) of the IMF and SFE, the clump mass function and clump 
formation efficiency, by u sing the Bolocam Galac tic Plane Survey 
(BGPS) source catalogue dRosolowskv et alj201(]f) . An estimate of 
the clump fo rmation efficiency, the ratio of clump-to-cloud mass, 
was made bv lNguven Luong et alj ( 1201 II) of the W43 giant molec- 
ular complex. We will discuss this estimate. 

We assign kinematic distances to the BGPS sources within the 
/ = 30° region by correlating their spatial positions and velocities 
with a catalogue of molecular clouds from the Galactic Ring Survey 
(GRS). We also use other methods for BGPS sources which cannot 
be associated with GRS clouds, which will be described in Sect.3. 
In the next section (Sect. 2), we give a brief overview of the data 
sets used. Sect.4 contains the results and analysis and Sect.5 is the 
discussion of the results. Sect. 6 is a summary of the conclusions. 



2 DATA SETS AND OBSERVATIONS 

2.1 The BU-FCRAO Galactic lUng Survey 

The Galactic Ring Survey (GRS: I Jackson et alj 120060 mapped 
^■^CO J = 1 — >■ emission in Galactic longitude from / = 18° to 
55.7° and \b\ ^ 1°, covering a total area of 75.4 deg^. The velocity 
range of the survey was -5 - 135 km s~^ for Galactic longitudes 
/ < 40° and -5 - 85 km s"^ for / > 40° with an RMS sensitivity 
of ~ 0.1 3-K. The GRS is fully sampled with a 46 arcsec angular 
resolution on a 22 arcsec grid and has a spectral resolution of 0.21 
km s"'^. 

iRathbome et alj ( |2009|) published a catalogue of 829 
molecular clouds within th e GRS region, identified usin g 
the CLUMPFIND algorithm jWilliams. de Geus. & Blit3 Il994l) . 
The distances to 7 50 o f these clouds were determined by 
iRoman-Duval et alj ( |2009|) using HI self-absorption (HISA) to 
resolve the kinematic distance ambiguities. This cloud distance 
catalo gue was complemented by the work of iRoman-Duval et alj 
l l2010h who made use of ^^CO J = 1 ^ emission fr om the UMSB 
(University of Massachuse tts-Stony Brook) survey dSanders et alj 
119861 : Iciemens et alJI 19860 to derive the masses, as well as other 
physical properties, of 580 molecular clouds. A power-law relation 
between their radii and masses was produced to allow the masses 
for a further 170 molecular clouds to be estimated. The associated 
cloud mass uncertainties are also catalogued. 

The molecular cloud mass completeness limit of the GRS as a 
function of distance is Mmin = 50d^ Mq , where d is the distance in 
kpc, with the survey complete above a mass of 4 x 10"^ Mn out t o 
the 15 kpc distance probed by the GRS I IRoman-Duval et alj2010t) . 



2.2 The Bolocam Galactic Plane Survey 

The Bolocam Galactic Plane Survey (BGPS: lAguirre et alj|20lTI) 
mapped 133 deg^ of the northern Galactic Plane in the continuum 
at 271.1 GHz (1.1 mm). This was done with a bandwidth of 46 
GHz, an RMS noise level of 11-53 mjy beam^^ and an effective 
angular resolution of 33 arcsec. The survey was continuous from / 
= -10.5° to 90.5°, 1^1 ^ 0.5°. There are also cross-cuts which flare 
out to \b\ < 1.5° at/ = 3°, 15°, 30° and3r and towards the Cygnus 
X massive star forming region at / = 75.5° to 87.5°. A further 37 
deg^ were observed towards targeted regions in the outer Galaxy, 
bringing the total survey area to 170 deg^. 

A custom source extraction algorithm, Bolocat, was designed 
and utilised to extract 8358 sources, with a catalogue 98% complete 
from 0.4 - 60 Jy over all sources with object size ^ 3.5'. The com- 
pleteness limit of the survey varies as a function of longitude, with 
the flux density completenes s limit taken as 5 times the median 
RMS noise level in 1° bins dRosolowskv et alj|201(j) . They con- 
cluded that the extracted sources were best described as molecular 
clumps - large, dense, bound regions within which stellar clusters 
and large systems form. 

2.3 '^CO J = 3^2Data 

The / = 30° region was mapped in ^''^CO J = 3 ^- 2 (330.450 
GHz) with the Heterodyne Array Receiver Programme (HARP) 
at the James Clerk Maxwell Telescope (JCMT) on Mauna Kea, 
Hawaii. HARP has 16 receptors, each with a beamsize of ^ 14 
arcse c, separated by 30 a rcsec and operates in the 325 - 375 GHz 
et alj2009f) . Observations were made in two parts, / = 



band iBuckle 

30° - 32° in 2008 and I 



: 28° - 30° in 2010. The Galactic latitude 
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Figure 1. Top panel: A spectrum from the GRS ^''CO / = 1 — s> data, dis- 
playing multiple emission components. Bottom panel: The corresponding 
spectrum from the HARP J = 3 —^ 2 data. These are the spectra of BGPS 
source 4423, found at / = 30.486°, b = -0.022°. This source was assigned 
to GRS cloud G030.59-00.01, at a distance of 1 1.75 kpc. 



range of these observations is |ii| ^ 0.5°. The data were used in 
their partly reduced state for this study, as it was only necessary to 
identify the velocity of the peaks in the spectra extracted. The ob- 
servations and reduction procedure will be discussed in more detail 
in a later paper. 

The higher energy transition of J = 3 — > 2 traces higher den- 
sity gas than the J = I -^ transition. It has a critical density of 
>~ lO^cm"^, compared to 10^ - 10^ cm"^ for J = 1 ^> 0, and 
E(J = 3)/k = 32.8 K so is also biased towards warmer gas. J = 3 
— >^ 2 is therefore less ambiguous than J = 1 — >■ in identifying the 
emission from dense, star-forming clumps, where there are multi- 
ple emission components within a spectrum along a particular line 
of sight. 



2.4 The VLA Galactic Plane Survey 

The VLA Galactic Plane Survey (VGPS) JStil et al.ll2006h mapped 
H I and 21 -cm continuum emission in Galactic longitude from / = 
18° to 67° and in Galactic latitude from \b\ < 1.3° to \b\ < 2.3°. 
The survey was conducted with an angular resolution of 1', with a 
spectral resolution of 1.56 km s^^ and an RMS sensitivity of 2 K. 



3 BGPS SOURCE DISTANCE DETERMINATION 

3.1 Matching BGPS sources with GRS clouds 

The / = 30° region contains 806 BGPS sources and 1 12 
GRS clouds, with dista nces known to 105 of these clouds 
JRoman-Duval et alj2009l ). We assigned kinematic velocities to the 
BGPS sources by extracting spectra from the GRS data cubes at 
the BGPS catalogue position. For sources whose spectra displayed 
more than one significant emission peak in the J = 1 — > data, the 
higher density tracing ^''CO J = 3 — )> 2 HARP data were used. For 
those BGPS sources with multiple peaks in the J = 3 — > 2 spec- 
tra, the strongest emission feature was chosen. An example of the 
use of the HARP data is shown in Fig. [T] with the HARP spec- 
trum showing just one significant emission peak, whilst the GRS 
spectrum on the same line of sight displays multiple components. 

The positions and assigned velocities of th e BGPS sources 
were matched to those derived for the clouds in the lRathbome et alj 



1 120091) catalogue. The tolerance in position was 5x5 resolution el- 
ements in the I x b directions, which corresponds to 1 10" x 1 10", 
from emission associated with a cloud and the tolerance in velocity 
was the velocity FWHM from the aforementioned catalogue. This 
resulted in cloud associations for 640 BGPS sources which were 
then a ssigned distances equal to those of the corresponding GRS 
clouds iRoman-Duval et all ( l2009h . 11 of the BGPS-GRS associa- 
tions fall in the set of clouds with no known distance. These clouds 
had no known distance due to the disagreement between the HISA 
and 21 -cm continuum source methods used to determine distance. 

The remaining 166 BGPS detections are unassociated with 
GRS clouds, since no matching clouds were found but they do have 
GRS emission. This may be because the assigned velocities were 
incorrect, or because the host clouds were not identified by the GRS 
survey. To verify the velocities for these unmatched objects, we first 
concentrated on those BGPS sources whose GRS spectra displayed 
only one emission peak. The J = 3 — )■ 2 spectra, where available, 
were extracted to check if the velocity assignments were consistent 
with those from the J = 1 — ^ data. This was found to be true in 
most cases, so it was unlikely that the velocity assignments were 
incorrect. For instances where J = 3 — >■ 2 spectra were used as the 
primary velocity indicator, the spectra were checked for secondary 
emission components and any such components were consistent 
with a GRS cloud. This resulted in a further 24 associations, with 
one of these new associations falling in a cloud with no known dis- 
tance. 

The spatial coincidence with emission was then tested. We 
produced velocity-integrated maps of the ^'^CO J = 1 — )• emis- 
sion, and found emission coincident with 140 of the 142 re- 
maining BGPS sources. This emission arises from either rela- 
tively bright, compact regions, some with very small velocity 
ranges or from filamentary-type clouds. These small, low velocity- 
dispersion clouds like ly fell below the detection criteria used by 
iRathbome et'aLl feOOg") of A/ or Ah < 6' or AV sC 0.6 km s"\ with 
the filamentary clouds probably falling below the A/ or Ab crite- 
rion. We found that 74 BGPS sources are coincident with 56 small, 
low velocity-dispersion clouds, with 66 BGPS sources falling in 33 
filamentary-type clouds. 

Of the 142 sources not associated with GRS clouds, one fell 
outside of the latitude range of the GRS data (BGPS source 4308 
at ii = -1.15°), so no kinematic velocity was able to be assigned. 

Table [T] displays a summary of the GRS cloud-BGPS source 
associations, displaying the associations for individual clouds (only 
a small portion of the data is provided here, with the full list of 664 
BGPS sources available as Supporting Information to the online 
article). 



3.2 Distance determination of remaining BGPS sources 

3.2.1 Determining kinematic distances from Galactic rotation 
curve 

Each of the remaining 141 unassociated BGPS sources had two 
kinematic distances calculate d by using its assigne d velocity and 
the Galactic rotation curve of [Brand & Blitz { 1993|). Th is Galactic 
rotation curve was favoured over Clemens (1985|) and iReid et alj 
( 120091) because this particular rotation curve makes use of data 
from all four Galactic quadrants, and is therefore more represen- 
tative of the general rotation of the Galaxy. However, the discrep- 
ancies are small. Fig. |2] shows a comparison between the kine- 
matic distances of the GRS clouds calculated using the Iciemenj 
( 119851) rotation curve and the kinematic distances calculated using 
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Table 1. Summary of GRS cloud paiameters and BGPS source associations. 
Only a small portion of the data is provided here. The full list of 664 BGPS 
sources is available as Supporting Information to the online article. 
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Figure 2 . Com parison of calculated distances to GRS clouds using the 
IClemensI 11983) rotation curve, indicated by the bla ck, cross-shaped sym - 
bols, and the kinematic distances calculated using the lBrand & Blita <1993h 
rotation curve, indicated by the red, circular symbols. 



the ISrand & Blita lll993h rotation curve. The plot shows that the 
two rotation curves produce very similar results, with the most sig- 
nificant departures of ^ 0.9 kpc occurring at distances of '--^ 8 kpc. 
The kinematic distances were then calculated from the 
ISrand & B litz ( 1993 ) rotation curve, with all constants coming 
from within Brand & Blitz ( 19931) , by first deriving an angular ve- 
locity from the line-of-sight velocity, Vlsr, via the relation: 



u — UJO + 



Vl 



i?()Sin(/)cos(fo) 



(1) 



where ojq and Rq are the Solar angular velocity and galactocentric 
distance with assumed values of 220 km s^^ and 8.5 kpc respec- 
tively. 

The rotation curve is then numerically inverted to give R, with 
the rotation curve being: 



(2) 



ujQ \Ro J \ R 

where R is the derived galactocentric distance and ai, 02 and 03 are 

constants with values of 1.0077, 0.0394 and 0.0071 respectively. 

This allows two kinematic distances to be calculated from the roots 

of: 



d cos^(i) - {2Rocos{b)cos{I))d + {RI - R^) = 



(3) 



The unassociated BGPS sources were checked to see which 
could be grouped together as coming from the same source of GRS 
emission via their spatial location and assigned velocity. This was 
important for those sources close to the tangent point. The tan- 
gent point is where the near and far kinematic distances are equal. 
Sources in or around the tangent point can have undetermined kine- 
matic distances as the determinant of equation [3] may fall below 
zero. In these instances, the distance is calculated to be: 



d- 



Rocos{l) 
cos(fo) 



(4) 



3.2.2 Determining between two kinematic distances 

The first technique used to determine which kine matic distance 
should be used is a scale height cutoff. Following lUrguhart et alj 
(2011), a cutoff of 120 pc was used, which correspo nds to 4 times 
the Galactic scale height of ~ 30 pc measured by iReea ( I2OO0I) 
from the distribution of nearby main sequence OB stars. Where the 
height above the plane of any source at its far kinematic distance is 
greater than this, it is unlikely that it is located at that distance, so 
the near distance is adopted. This applied to 6 BGPS sources. 

The remaining BGPS sources without associations to clouds 
in the GRS catalogue were assigned distances by using the 
H I self-absorption (HIS A ) method (e.g. [Anderson & BaniallJOOgl : 
iRoman-Duval et alj|2009l ). The near and far kinematic distances 
have the same radial velocity, as discussed above. HI em- 
bedded in the cold central regions of molecular clouds (e.g. 
iGoldsmith. Li, & KrcdIIoOTi') is much cooler (7=10- 30 K) than 
the warm H I which permeates the interstellar medium (ISM, T = 
100 - lO** K). If the molecular cloud is at the near distance, the 
cold foreground H I will absorb the emission from the warm, back- 
ground H I and produce an absorption feature in the H I spectrum 
which is coincident in velocity with a ^'"'CO emission line. If the 
cold H I is in the background, it will not absorb any warm H I emis- 
sion from the Galactic plane, and the H I spectrum will show no 
absorption feature. 30 BGPS sources were assigned the far kine- 
matic distance, with 105 found to be at the near distance due to the 
presence of HISA. Table[2]displays a summary of the unassociated 
sources and their derived kinematic distances (only a small portion 
of the data is provided here, with the full list of 141 BGPS sources 
available as Supporting Information to the online article). 



3.3 Summary of distance determinations 

The association of BGPS sources with GRS clouds resulted in 664 
matches, with 652 having known distances. The use of velocities 
from CO emissi on not associated with recognised clouds and the 
rotation curve of lBrand & Blitj (119930 resulted in 141 further dis- 
tance determinations. The breakdown of this 141 was as follows: 
6 using the scale height cutoff and 135 using HISA with 30 as- 
signed the far kinematic distance and the remaining 105, the near 
distance. One source fell outside the latitude range of the molecular 
data, and therefore had no kinematic velocity assigned to it and, as 
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Table 2. Summaiy of unassociated BGPS sources and their derived kine- 
matic distances. Only a small portion of tfie data is provided liere. Tlie full 
list of 141 sources is available as Supporting Information to the online arti- 
cle. 
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Figure 3. The number of BGPS sources found in each molecular cloud with 
at least one association. 



a result, no kinematic distance. This left a total of 13 out of 806 
BGPS sources without a derived kinematic distance. 

There are associated errors with these distance determina- 
tions. A full discussion of the distance determinations involved 
with the GRS clouds and velocity assignments can be found in 
iRoman-Duval et alj JJOOgll . 



3.4 BGPS-GRS cloud associations 

We have identified the molecular clouds associated with 664 BGPS 
sources. In Table[3]we present a summary of the GRS clouds with 
the number of associated BGPS (only a small portion of the data is 
provided here, with the full list of 1 12 clouds available as Support- 
ing Information to the online article). We found that these BGPS 
sources are associated with 87 of the 112 GRS clouds from the cat- 
alogue of Rathborne et al. ( 2009i" ) in the / = 30° region, with 10 of 
those 87 clouds having just one BGPS source associated with it. 



In Fig. [3] we present a histogram of the number of BGPS 
sources found in each GRS molecular cloud. The majority of the 
clouds are each associated with less than 10 clumps. However, 
there are 7 clouds which are associated with more than 20 BGPS 
sources each. 6 of these clo uds could be considered par t of the W43 
giant molecular complex fNgu yen L uon g et al.ll201 If) , whilst one 
cloud (G031. 24-00.0 h iRathborne et alji2009l) is found to be in the 
Perseus spiral arm which runs across the / = 30° field. 



4 RESULTS & ANALYSIS 

4.1 Populations witliin the / = 30° region 

The / = 30° region is host to major Grand Design features of the 
Galaxy. It contains the tangent of the Scutum-Centaurus arm and 
the near end of the Long Bar (which together will hereafter be re- 
feiTed to as the tangent region), as well as mid-arm sections of the 
Sagittarius and Perseus arms in the background. There is also struc- 
ture in the foreground, the nature of which is undetermined but is 
possibly the near-part of the Sagittarius arm. 

In aiming to test the effect of Galactic structure on the star- 
formation process, it is first important to try to distinguish between 
these three regions: the foreground spur/Sagittarius arm; the back- 
ground Perseus and Sagittarius arms and the tangent region, which 
dominates the emission from this field as we are looking directly 
down the Scutum-Centaurus arm. The separation of the three com- 
ponents is not an exact process, but the main aim is to ensure that 
there is sufficient separation such that emission in each of the three 
distance bins is dominated by sources within the main structure in 
each case. 

The W43 star-forming complex is thought to lie on the tan- 
gent point jNguven Luong et alj|2011r) and as such, dominates the 
emission of the entire region. This allows us to conclude that if 
emission can be associated with W43, it can also be associated 
with the tangent region. Galactic rotation curves give two kine- 
matic distances for W4 3, a near distance of '-^ 5.9 kpc and a far 
distance of ~ 8.7 kpc JNguven Luong et al.' 2 01 ih. Most aut hors 
have argue d the near distance with [Anderson & Banial (120091) us- 
ing HISA, IPratap. Megeath. & BerginI j 19991) using near-infrared 
extinction and lBania et alj ( 119971) using H II regions. The Herschel 



infrared Galactic Plane Survey (Hi-GAL ) distance determin ation 
also assumes the near kinematic distance ( IRusseil et alj|201 ih . We 
assume the near kinematic distance due to the distance distribution 
of the GRS clouds from the lRoman-Duval et alj ( 120091) catalogue. 
Fig |4] shows that the clouds associated with the tangent (and 
W43) are clustered in distance between ~ 4.0 kpc and ~ 7.7 kpc 
and so this was taken to be the distance bin defining the tangent 
region. All the GRS clouds and BGPS sources within this range 
were considered to be associated with the tangent region, while 
clouds with distances less than 3.9 kpc were considered foreground, 
and greater than 7.7 kpc were considered background. There is evi- 
dence in Fig|4]for the two background arms with the Sagittarius arm 
at ~ 9 kpc and the Perseus arm at ~ 1 1 kpc. This distance to the 
Perseus arm is supported by the work of Summers et al. (2012, in 
prep), whose models of the distribution of the molecular gas com- 
ponent of the Galaxy found the arm at a distance of 1 1.8 kpc along 
this line of sight. 
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Table 3. Summary of GRS cloud parameters, number of BGPS source associations and the associated BGPS source masses. Only a small portion of the data 
is provided here. The full list of 1 12 clouds is available as Supporting Information to the online article. 
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Figure 4. The number of GRS clouds found as a function of distance. The 
vertical dashed lines indicate the chosen boundaries of the tangent region. 



4.2 Masses of BGPS sources 

The 1.1 -mm dust continuum flux densities from BGPS are con 
verted to source masses using the standard formula: 

nyBy{Td) 
which leads to: 



(5) 



M = 13.1M( 



(^\ (JL\ 



(e 



13.12/Td 



1) 



(6) 



y IJy J \ Ikpc J 

where we assume k^ = 0.0114 cm^ g~^ l IDunham et alJuOlCT) , 5^ 
is the catalogued flux density, D is the source distance and B^, is 
the Planck function evaluated at dust temperature, Td- The value 
for the opacity is obtained by using a dust temperature of 20 K and 



Figure 5. The distributions of SED-based temperatures of the Hi-GAL SDP 
sources for the / = 30° region with the tangent, background and foreground 
components depicted by the red, yell ow and white hashed bars respectively. 
The regions were separated using the lRusseil et al.l J201 11) distances. 



the dust opacit i es of l Ossenkopf & Henning ( Il994f) . as described by 
iDunham et al.l 1 I2OICI) . As a result, we use a flat temperature of 20 
K for all the source temperatures. This choice is supported by the 
distribution of temperatures of the Herschel infrared Galactic Plane 
Survey (Hi-GAL), a Herschel Space Obserx' atory Open-tinie Key 
Project, Science Demonstration Phase (SDP) JMolinari et alj201(]|) 
sources for the / = 30° region. The I = 30° region was chosen as one 
of the two SDP fi elds. The tempe ratures were derived by SED and 
greybody fitting JEliaet al.ll2010l) and Fig. |5] shows that the peak 
of the distribution lies at 20 K in all 3 components of the / = 30° 
region. 
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The flux densities for each source also require a further mul- 
tiplication by a factor of 1.5 to provide c onsistency with othe r data 
sets from MAMBO and SIMBA surveys l lAguirre et"^l201 ll) . 

The choice of temperature is not the important factor in this 
study, as the premise is to compare the star-formation properties 
across the three regions. A more important consideration is whether 
the temperatures can be assumed to be the same in the three regions. 
Using the SED-based temperatures of the Hi-GAL SDP sources in 
the / = 30° region, a Kolomogorov-Smimov (K-S) test was applied 
to the Td distributions of the three sub-samples. The three K-S tests 
showed that they could be assumed to have the same temperatures 
as there was a 70 per cent probability that the temperatures were 
from the same sample. Only 85 out of the 312 sources plotted in 
Fig.|5]can be associated with BGPS sources. 

It is also worth noting that absolute masses and accurate dis- 
tances are not vital to most of the results in this study, especially 
the clump formation efficiencies (Sect 4.4). This ratio of clump-to- 
cloud mass has the distance dependencies, and uncertainties, can- 
celled out if you assume that the gas and dust are at the same dis- 
tance. This analysis mainly deals with relative masses and the sep- 
aration into the broad sets associated with the large-scale structure, 
which could be achieved with source velocities alone. 



4.3 Clump Mass Functions 

The clump mass function (CMF) is the frequency dis- 
tribution of the masses of the dense clumps within the 
molecular clo uds. Studies of nearby low-mass star-f o rmin 
regions (e.g. iMotte. Andre. & Neril Il998l: iMotte et al.l 1200 iL 
ISimpson. Nutter. & Ward-ThompsonI 2008h and of high-mass 
star-forming regions (e.g. Iwilliams. Fuller. & SridharanI |2004| : 



iReid & Wilsonll2005l ; lBeltran et al.ll2006l) have shown good agree- 
ment with the shape of the high-mass end of the stellar IMF. If the 
CMF does indeed mimic the stellar IMF, then any change in the 
CMF with regards to large-scale Galactic structure could signify a 
change in the star fomiation process. 

We use the masses derived above to plot CMFs of the three 
regions, which are presented in Fig.|6] Each CMF has an associated 
completeness limit which corresponds to the mass detection limit 
at the furthest point of each velocity bin. This is calculated from the 
0.135- Jy completeness limit in the BGPS 1.1-mm flux density for / 
= 30° jRosolowskv et alj2010l) . The corresponding mass limits are 
^ 40, 145 and 450 Mq for the foreground, tangent and background 
regions respectively. The plotted quantity, AN/AM, is the number 
of clumps per unit mass interval in each mass bin. We have used a 
fixed number of clumps per bin, as opposed to fixed bin widths to 
equalise weights. 

Assuming the CMF above the mass completeness limit to be a 
power law of the form AN/ AM oc M", a (least squares) fit to each 
CMF gives indices of a = -1.87 ± 0.13, -1.48 ± 0.04 and -1.53 
± 0.10 for the foreground, tangent and background regions respec- 
tively. The index values for the background and tangent regions are 
consistent with each other, however the foreground region is found 
to depart at the 3-cr level. This is potential evidence for a steeper 
slope in the foreground clumps. These slo pes are more consis tent 
with the slopes derived from gas emission JKramer et al.ll 19981) . as 
opposed to those found in the fellow dust emission studies listed 
above. 

The blending of clumps with distance is not observed to be 
significant within these CMFs. If this were to be having an effect, 
a second turnover would be observed at masses greater than the 
completeness turnover. This is caused by a combination of cluster- 
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Figure 6. CMFs for the 3 regions within the / = 30° field. The vertical 
dotted lines represent the completeness limit at the furthest distance of each 
region. The dashed Unes are fits to the slope of the CMF above the complete- 
ness limit. The error bars correspond to \/N counting statistics. Top panel: 
the foreground region. Middle panel: the tangent region. Bottom panel: the 
background region. 
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ing scale and angular resolution, so at some combination of the two, 
low-mass clumps are bum ped up into the high er bin. This effect is 
se en in the observati ons of lMoore et alj ( l2007h and the simulations 
of iReid et alj ( 120101) . In any case, the high-mass end slope is pre- 
served because the most massive clump s are rare and only blend 
with smaller clumps JMoore et al.ll2007h . 



4.4 Clump Formation Efficiencies 

The clump formation efficiency (CFE) is a measure of what fraction 
of molecular gas has been converted into dense clumps. This quan- 
tity is analogous (or a precursor) to the star formation efficiency. 
The CFE must be viewed as an upper limit to the SFE. 
The CFE is a measure of: 



Mclun 

'mZZ 



M„ 



dM 

~dr 



dt 



(7) 



where dM/dt is the instantaneous clump formation rate. A high 
value for the CFE can indicate either a high clump formation rate 
or a long formation timescale. 

By using t he catalogued GRS cloud masses 
JRoman-Duval et alj 120101) and the derived masses for the 
BOPS sources, we are able to calculate total CFEs for the three 
regions of the / = 30° field. The values obtained are 13.00 ± 1.60, 
8.38 ± 0.30 and 8.52 ± 0.73 per cent for the foreground, tangent 
and background regions respectively. These values do not include 
the masses of the small, low-v elocity clouds discussed in Sect 3.1 
that were not included by R athbome et al.l | |2009|> . and as such 
the CFEs can be taken as an upper limit. The uncertainties on 
the CFEs come from the catalo gued GRS cloud mass uncertain- 
ties JRoman-Duval et alj uOlOl). t he uncertainties in BOPS flux 
densities JRos olowskv et al. 20ld) and the distribution of source 
temperatures (Eliaet al. 2010). Extrapolation of the BOPS traced 
mass within the background region to the completeness limit of 
the tangent region, to adjust for the affect of distance on detected 
clump masses, shows little variation with the extrapolated CFE 
falling within current uncertainties. The biases corresponding to 
the distance distributio n of cl oud masses are discussed in detail 
by iRoman-Duval et alj ( 120101) . The values for the CFEs in the 
background and tangent regions do not depart significantly from 
each other. However, the foreground value is higher at the 3-a 
level. It might be expected that the tangent region would have the 
higher CFE, due to its position at the end of the Galactic Bar and 
the intense star-formation associated with W43, but we find no 
discernible difference between it and the background spiral-arm 
seg ments crossing the fiel d . 

iNguven Luong et alj ( 1201 ih calculate a CFE of 20 per cent 
for the entire W43 star-forming complex, including all the mate- 
rial in the / = 30° Hi-GAL SDP field between LSR velocities of 
80 and 110 km s^^, using clump masses from AT LAS GAL (The 
APEX Telescope Large Area Survey of the GALaxv aSchuller et alj 
I2OO9I) and integrated ^'^CO J = 1 -> emission from GRS data. 
While this is significantly higher than our value of ~ 8.4 per 
cent, the difference is mostly accounted for since they did not in- 
clude an optical depth correction in their molecular mass estimate. 
The median ^ ^CO J = 1 — >■ optical depth of clouds in GRS 
is around 1.3 dRoman-Duval et alj|2010h . which implies a correc- 
tion factor of x 1.8 f or the molecular mass, reducing the CFE of 
iNguven Luong et alj ( I2OIII) to around 1 1 per cent. ATLASGAL 
has a detection limit of ~ 50 M© lower than the BGPS (i.e. ~ 
95 M0) at a distance coiTespond ing to the furthest point of the tan- 
gent region dSchuller et al.l2009l) and so detects more mass in dense 



clumps. However extrapolating the CMF back to the ATLASGAL 
completeness only added 1 per cent to the CFE and there is an ad- 
ditional discrepancy of ~ 50 per cent in the dense integrated core 
mass (8.4 x 10^ M© compared to 5.4 x M0) which is unidentified 
because we used compatible emissivity and the same dust temper- 
ature. 

The association of mo lecular clouds with specific regions in 
INguven Luong et alj ( 120 llh was done somewhat differently to the 
current study. Whereas we have used distance s electi on of GRS 
clouds from the catalogue of lRoman-Duval et alj ( 120091) , they used 
velocity selection of data direct from the GRS database. The two 
samples are 90 percent consistent, however. 



5 DISCUSSION 

5.1 Clump Formation Efficiency within the tangent region 

Fig.Qshows contours of CFE in individual GRS clouds overlaid on 
an image of integrated ^''CO J = 1 — ^ emission in the / = 30° re- 
gion. The CFE data have a spatial resolution of 0.2° x 0.2°, which 
is consistent with the cloud size scale at the distance of the tangent 
clouds. The median diameter of clouds in the tangent subset is ^ 
20.5 pc, which corresponds to 0.3° at 4 kpc and 0.15° at 7.7 kpc. 
The CFE values are the ratio of the integrated BGPS dense-clump 
mass to the integrated GRS cloud mass in each spatial element. 
The ratios do not include the unassociated BGPS sources or the un- 
quantified number of small, low-velo city dispersion c l ouds w hich 
fall below the detection thresholds of iRathbome et alj ( 120091) . The 
CFE is clearly highly variable from cloud to cloud, ranging from 
zero to ~ 60 per cent. 92 per cent of clouds with associated BGPS 
sources have CFE ratios of >0 - 15 per cent (Fig. [8}. The high- 
est value (~ 60 per cent) coincides with the position of the ionis- 
ing source of the W43 H II region which has be en associated with 
the triggering of star formation in its vicinity ( Bally et alJuOlOl) 
and the star formation in this cloud is clearly very efficient in the 
cun^ent epoch. The presence of a triggering agent has been ob- 
served to increase t he CFE locally in the W3 giant molecular cloud 
(^Moore et al. 2007) and such increases are predicted by simulations 
(Dale, Clark, & Bonnell 2007|)- The other individual star-forming 
regions in the field have lower CFE and this may be because the 
local triggering is weaker in these sources. For example, there is 
a localised m aximum of ~ 15 per cent coincident with the HII 
G29.96-0.02 dPratap et alj|l999l) . There is also a peak of ~ 7.50 
per cent at / « 31.3, i « 0.3 but there are very few catalogued 
sources in this region other than the BGPS sources. 

When quantifying the CFE (or SFE), the result will depend 
on the chosen size scale. It is therefore important to select a scale 
that has some physical meaning. The scale corresponding to the 
projected molecular cloud sizes is the first of these. The median 
projected separation of clouds is 0.15°, about the same as the cloud 
size scale so the next significant scale is the width of the entire 
molecular complex associated with the Scutum-Centarus/Long Bar 
tangent, in which the mean properties of the clouds may be affected 
by the environment in that unique location. Below we compare the 
CFE values found in the tangent clouds to those in the foreground 
and background clouds. 



5.2 W43: a mini-starburst region? 

Since starbursts are associated with high star-formation efficien- 
cies, if the W43 complex were to be considered a mini-starburst 
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Figure 7. The GRS 7 = 1 — >■ integrated emission of the / = 30° region with overlaid contours of clump formation efficiencies. The contour levels are at 1 .50, 
3.60, 5.25, 7.50, 15.00, 22.50 and 55.00 per cent. 



region, it might be expected to have an unusually high CFE across 
a wide area, as a result of special environmental conditions. We can 
examine this possibility. While the CFE of the individual molecular 
cloud containing the W43 H II region is indeed very high, the me- 
dian CFE values for clouds within the foreground, background and 
tangent regions, as defined in Sect.4.1, are found to be 7.15 ± 4.95, 
3.78 ± 3.32 and 3.27 ± 2.28 per cent respectively (the uncertain- 
ties quoted here are the median absolute deviations), with the mean 
CFE values found to be 12.31 ± 4.86, 5.95 ± 2.26 and 5.38 ± 1.22 
per cent. Since these are consistent within the uncertainties at an 
approximate l-a level, it implies that the clouds within the tangent 
region are not, on average, in a significantly different physical state 
to those in the other two velocity bins. 

The lack of difference in the CFEs and CMFs between the 
tangent and backgr ound regions is supported by the work of 
iDunham et alj ( l201lh . They find that the regions of dense gas traced 
by the BGPS show little variation across the Galaxy, regardless of 
environment. 

Fig. [8] displays the distribution of CFEs of individual GRS 
clouds belonging to these three regions. It can be seen that, in addi- 
tion to the cloud associated with the W43 H II region, which is part 
of the tangent sample, there are also extreme-CFE clouds in the 
foreground and background samples. Since these are not affected 
by the presence of the Galactic Bar, the latter cannot be securely 
identified as the cause of the high CFE or SEE in W43. In fact a 
K-S test of the three samples shows no evidence that they are dis- 
tributed differently, with a 20 per cent probability of being drawn 
from the same underlying population. 

Additionally, an Anderson-Darling test of the combined sam- 
ples shows no evidence that they are not distributed log-normally 
at the 1.5-(T level. The implication of this is that, not only are 
clouds in the tangent region unlikely to be exceptional, despite the 
influence of the Galactic Bar, their star-forming properties are dis- 
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Figure 8. Distribution of the clump formation efficiencies for individual 
GRS clouds with the tangent, background and foreground components de- 
picted by the red, yellow and white hashed bars respectively. 



tributed randomly, so that the extreme-CFE clouds, including W43, 
are simply those in the wings of the log-normal distribution and are 
present only because the sample is large enough. This is not to say 
that they are not extreme, or potentially useful analogues for larger 
starburst systems, but it removes any need to argue for an excep- 
tional environment associated with the Galactic Bar to explain their 
presence. 

This conclusion is supported by Moore et al. (2012, in prep) 
who, by using the ratio of YSO luminosity to cloud mass as a 
measure of star-formation efficiency on kpc scales, found no large 
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enhancement associated with the Scutum-Centaurus arm tangent, 
where W43 is found, despite strong peaks in both star-formation 
rate and molecular mass surface density in that region. 

Observations of other barred spiral galaxies have found large 
amounts of molecular materi al and extreme star-forming regions at 
the ends of galactic bars (e .g. Peterson et al.ll976l : lMartin & Friedlil 
1 19971 : Ijames. Bretherton. & Knapen 20091) where the gas and stars 
in normal circular orbits are in co-rotation with the pattern speed 
of the bar JContopoulosIl 19801 : ISellwood & Wilkinson|[l993l) . The 
gas in the bar, which is on long orbits up and down the length 
of the bar, is expected to interact with the circularly orbiting 
clouds and the gas at the leading edge of the bar is shocked 
JShlosman. Begelman. & Frankll990n . Bar ends might therefore be 
expected to produce unusual numbers of extreme star-forming re- 
gions from increased rates of cloud-c loud collisions which have 
been shown to indu ce star formation ( IHeitsch & Hartmannll2008l : 
lAnathDindikall2009l) . 

However, the idea that local enhancements in CFE and SFE 
may have very li ttle to do wi t h larg e-scale structures is consistent 
with the work of iFovle et al.l ( 120100 who found no significant in- 
crease in SFE in spiral arms, relative to the inter-arm gas, in two 
Grand Design spiral galaxies. Since the CFE variations begin to dis- 
appear on scales significantly larger than the scale size of molecular 
clouds, the dominant mechanism affecting the SFE is more likely 
to be on the scale of individual clouds. 



6 CONCLUSIONS 

We have derived distances to 793 of the 806 BGPS sources within a 
3x2 degree field centred at / = 30° , using a variety of techniques 
including positional association with GRS molecular clouds with 
known distances and new kinematic distances using ^'^CO J = 3 
— s- 2 data, with H I self-absorption and scale-height cutoffs to re- 
solve ambiguities. The derived distances were used to calculate the 
masses for these 793 BGPS sources. 

By separating the region into three distance-defined groups 
associated with separate Galactic structure features in the / = 30° 
field, we are able to test how the major star formation metrics, such 
as the clump mass function (CMF) and clump formation efficiency 
(CFE), vary with proximity to features of large-scale Galactic struc- 
ture. These three regions are the foreground spur/Sagittarius arm: 
the background Perseus and Sagittarius arms and the tangent of the 
Scutum-Centaurus arm and the Galactic Long Bar 

The clump mass functions of the three regions were found to 
be well fitted by a single power-law for clump masses greater than 
the completeness limits. The slopes were found to be -1.87 ± 0.13, 
-1.53 ± 0.10 and -1.48 ± 0.04 for the foreground, background and 
tangent regions respectively. The slopes for the background and 
tangent regions are consistent with each other, however the fore- 
ground region is found to depart at the 3-ct level. This is potential 
evidence for a steeper slope in the foreground component. 

The clump formation efficiencies were also investigated with 
relation to their Galactic environments. The CFEs, defined as the 
ratio of clump masses to cloud masses, were found to be 13.00 ± 
1.60, 8.52 ± 0.73 and 8.38 ± 0.30 per cent for the foreground, 
background and tangent regions respectively. As with the CMFs, 
the background and tangent regions are consistent with each other 
However, the foreground CFE is found to be significantly higher 
at the 3-cr level. This is surprising as we would have expected the 
CFE within the tangent region to be higher due to its position at the 
end of the Galactic Bar. 



The median CFEs for the individual clouds were found to be 
7.15 ± 4.95, 3.78 ± 3.32 and 3.27 ± 2.28 per cent for the fore- 
ground, background and tangent clouds respectively, with the mean 
values found to be 12.31 ± 4.86, 5.95 ± 2.26 and 5.38 ± 1.22 per 
cent. These are consistent within the uncertainties at an approx- 
imate 1-cr level, implying that the clouds within the tangent re- 
gion are not, on average, in a significantly different physical state 
to those in the other two galactic environments. 

We also investigate changes in the CFE across the tangent 
region, finding large variations with localised maxima coincident 
with well-known H H regions. Although some of these peaks are 
quite extreme, we find no evidence that the distribution of CFE val- 
ues in the tangent region is distinct from those in the other two 
spiral-arm features and the combined distribution is found to be 
consistent with being log-normal. There is therefore no reason to 
believe that star formation is abnormally efficient in the Scutum- 
tangent clouds or proceeding differently there due to the location 
at the end of the Galactic Long Bar. This result may also imply 
that local triggering due to feedback is the dominant mechanism 
affecting the CFE and, consequently, the star-formation efficiency. 
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